Introduction
============

Osteoporosis is a common metabolic bone disease characterized by decreased bone mass, reduced bone density and destruction of the microstructure of the bone, which leads to consequent increase in bone fragility ([@b1-etm-0-0-7219]). Its occurrence and development is an extremely complicated biological process involves in multiple factors, multi-genes and multi-stage experiences ([@b2-etm-0-0-7219]--[@b4-etm-0-0-7219]). Although some osteoporosis-related genes and pathways have been revealed by many scholars ([@b5-etm-0-0-7219],[@b6-etm-0-0-7219]), the underlying pathogenesis of osteoporosis still remains obscure.

Bisphosphonates (BO), which can inhibit bone resorption, are currently the most commonly used and effective drugs in the treatment of osteoporosis. However, it has been reported to have severe side effects, such as bisphosphonate-related osteonecrosis of the jaw ([@b7-etm-0-0-7219]). Therefore, understanding the molecular mechanism of osteoporosis, identifying important pathways and genes and taking these signaling pathways as targeting points are important strategies to develop new anti-osteoporosis drugs or prevent osteoporosis. Current advances in high-throughput experimental techniques are of great help in accelerating the identification of the key genes and pathways involved in osteoporosis ([@b8-etm-0-0-7219],[@b9-etm-0-0-7219]).

The Markov chain is a kind of stochastic process with the so-called 'Markov property'. The process has the following characteristics: The next state only depends on the current state, not related to the previous state. Markov chain integral cleverly disassembles analytic integrals into a probabilistic expectation problem and obtains approximate expectations through a large number of samples. Gibbs sampling is a very popular Bayesian method ([@b10-etm-0-0-7219]). It is assumed that the subjects studied have a certain understanding before sampling, and the prior distribution is often used to describe this understanding. Then, based on the extracted samples, the prior knowledge is corrected to obtain the posterior distribution. The inference of various statistics are based on the posterior distribution ([@b11-etm-0-0-7219]). According to the probability distributions, researchers can find disturbed pathways and genes in the pathology of complex diseases. In this study, we attempted to predict the criticality pathways and genes related to osteoporosis by Markov methods and Gibbs sampling.

Materials and methods
=====================

### Data collection

The transcriptomic profiles of osteoclasts treated with bisphosphonates (E-GEOD-63009) were obtained from the ArrayExpress database (<http://www.ebi.ac.uk/arrayexpress/>). A total of 9 samples were selected for analysis. These samples were divided into two groups: vehicle group (3 samples) and bisphosphonates group (6 simples). After standard preprocessing ([@b12-etm-0-0-7219],[@b13-etm-0-0-7219]), we converted the expression profile from probe level to gene symbol level, and removed the duplicated symbols. Finally, a total of 20,514 genes were obtained in each group.

### Metabolic pathway enrichment

For the discovery of disturbed pathways associated with osteoclasts, all human pathways were obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database ([@b14-etm-0-0-7219]), including 287 pathways and 6,894 genes. The expression profiling genes were enriched to the KEGG pathways. The KEGG pathways, with gene intersections ≥5, were screened out and 280 pathways were obtained.

### Pathway initial state build

According to the enrichment of gene in each pathway, we calculated the average value of gene expression of each pathway under vehicle condition (state 1) and bisphosphonate condition (state 2), which is regarded as the expression of this pathway. State 1 was considered as the initial state of the pathway and state 2 was considered as a priori value of the path.

According to Markov chain theory, the initial transition probability is obtained from the expression of state 1 and state 2 in the access system, and state three is derived from state 2. State n is sequentially deduced, and state n is only related to the state n-1. The original state of the system has no relation with other Markov processes.

### Gibbs sampling

To obtain a Markov chain, Gibbs sampling was performed. An empty set of Gibbs sampling was defined first, and the initial state and priori value data sets were put into the empty set for Gibbs sampling. A k-dimensional vector (k = 280, 280 KEGG pathways), was initialized one of the elements was extracted in turn and the posterior value of the element was calculated. This process was looped k times to generate a new k-dimensional vector, and defined as state 3. After 10,000 times (n=10,000) Gibbs sampling, a k-dimensional vector with 10,000 samples is constructed to obtain a Markov chain, and it is considered that the samples generated from 2,000 begin to follow the distribution of the real samples.

### Analysis of the disturbed pathways

Through Gibbs sampling, the posterior probability of each pathway was obtained. The probability (*α*) of occurrence of each pathway was defined as formula 1.
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where *P~i~* represents the posterior value of this pathway in the i^th^ sample. Based on the gene expression values under vehicle condition and bisphosphonate condition, the pathway expression differences between these two conditions were calculated by t-test. Next, the pathways were ranked according to the P-values. Combining the rank and values and *α*, correction coefficient (*c*) was calculated as formula 2.
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In formula 2, *n*, represents the number of pathways, *rank~i~* represents the rank of pathway *i*.

Subsequently, the adjusted probability (*α~adj~*) was calculated. Pathways with *α~adj~* ≥0.75 were screened out and considered as the differential pathways.

### Identifying key genes

After finding the key pathways, we identified the hub genes from these pathways using Gibbs sampling. The genes in the key pathways were transformed into Markov chains in order to identify key genes by Gibbs sampling. Similar with the identification of key pathways, the posterior probability of each gene in the key pathways was obtained and the probability of each gene was calculated using formula one, where *P~i~* represents the posterior value of this gene in the i~th~ sample. Similarly, gene expression variation was taken into account to adjust the probability. According to the expression level of the genes in the key pathways in different states, the gene expression differences between vehicle group and bisphosphonates group were calculated by Student\'s t-test. Subsequently, the adjusted probability of the genes in the key pathways was calculated and the genes were ranked according to the adjusted probability. Genes with *α~adj~* ≥0.75 were screened out and considered as hub genes.

Results
=======

### Data preprocessing and pathway enrichment

The expression data sets of osteoclasts were acquired from the ArrayExpress database, containing 6 samples treated with bisphosphonates and 3 samples not treated by bisphosphonates. After preprocessing, a total of 20,514 genes were obtained for the next analysis. Among 287 human pathways obtained from KEGG database, 280 pathways with at least 5 genes were selected for the next analysis.

### Perturbed pathways in bisphosphonate-treated osteoclasts

Based on the preprocessed expression data and the screened pathways, the posterior probability of each pathway was obtained by Gibbs sampling. The probability *α* of occurrence of each pathway was calculated and adjusted. The probability distribution of the 280 pathways is shown in [Fig. 1](#f1-etm-0-0-7219){ref-type="fig"}. Under the criterion of *α~adj~* ≥0.75, we obtained 4 pathways in total. The 4 pathways are Maturity onset diabetes of the young (hsa04950, *α~adj~*=0.909), Olfactory transduction (hsa04740, *α~adj~*=0.874), Cyanoamino acid metabolism (hsa00460, *α~adj~*=0.859), Taurine and hypotaurine metabolism (hsa00430, *α~adj~*=0.756), respectively. The expression levels of hsa04950, hsa04740, hsa00460 and hsa00430 in vehicle group and bisphosphonates group are shown in [Fig. 2](#f2-etm-0-0-7219){ref-type="fig"}. It was obviously observed that the expression levels of these four pathways were decreased in bisphosphonate groups relative to the vehicle groups.

### Perturbed genes in bisphosphonate-treated osteoclasts

In order to identify the hub genes in the key pathways we obtained previously, Gibbs sampling was performed again. The genes in the key pathways were analyzed and a total of 263 genes were obtained for the next analysis. After Gibbs sampling, the probability (*α*) of occurrence of each gene in these 4 pathways was calculated and adjusted as described in the methods. The probability distribution of the 263 genes is shown in [Fig. 3](#f3-etm-0-0-7219){ref-type="fig"}. The top 5 genes ranked according to *α~adj~* are listed in [Table I](#tI-etm-0-0-7219){ref-type="table"}.

The genes with *α~adj~* ≥0.75 were selected as hub genes. Finally, two hub genes related to osteoporosis were screened out, including *OR2A4* (*α~adj~*=0.992) and *NKX2-2* (*α~adj~*=0.849). The expression levels of these two genes in vehicle group and bisphosphonates group are shown in [Fig. 4A and B](#f4-etm-0-0-7219){ref-type="fig"}. We found that both the expression of *OR2A4* and *NKX2-2* decreased in bisphosphonate group compared to vehicle group. The heatmap of two hub genes is shown in [Fig. 4C](#f4-etm-0-0-7219){ref-type="fig"}. We found that the distribution of these 2 genes in 9 samples was consistent with the results observed above.

Discussion
==========

In this study, four perturbed biological pathways (Maturity onset diabetes of the young, Olfactory transduction, Cyanoamino acid metabolism, Taurine and hypotaurine metabolism), that may be associated with osteoporosis were identified by Gibbs sampling. Among these 4 pathways, Maturity onset diabetes of the young (MODY) pathway showed the highest *α~adj~* value (0.909). MODY is a monogenic form of type 2 diabetes, with the characteristic of early onset and autosomal dominant inheritance ([@b15-etm-0-0-7219]). Six genes are known to cause MODY, including *HNF4α* (*MODY1*), *HNF1α* (*MODY3*), *PDX1* (*MODY4*), *HNF1β* (*MODY5*), *NEUROD1* (*MODY6*) and glucokinase catalyzes ([@b16-etm-0-0-7219]). In bisphosphonates treated osteoclasts, we found that the levels of *HNF4α, PDX1* (*MODY4*) and *HNF1β* had almost no change, while the levels of *HNF1α* and *NEUROD1* were upregulated. It has been reported that diabetes mellitus can be complicated by osteoporosis which called diabetic osteoporosis, but its correlation has not been widely recognized ([@b17-etm-0-0-7219]). Many researchers have demonstrated that in type 1 diabetes patients, the bone mass was reduced and fracture risk was increased. However, in type 2 diabetes, this risk is controversial ([@b17-etm-0-0-7219]). Some scholars have suggested that type 2 diabetes patients may possess a reduced risk of osteoporosis with an increased bone mineral density and body weight ([@b18-etm-0-0-7219]). While, recent studies have demonstrated that fracture risk increased in type 2 diabetes patients, even though the bone mineral density increased or was independent ([@b19-etm-0-0-7219]--[@b21-etm-0-0-7219]). Here, we found that MODY pathway was disturbed in osteoclasts treated with bisphosphonates, indicating that this pathway was associated with the activity of osteoclasts and played critical roles in the development of osteoporosis.

Furthermore, we identified two hub genes (*OR2A4* and *NKX2-2*) that may be associated with osteoporosis using Gibbs sampling. Among these two genes, *NKX2-2* was involved in MODY pathway and gained the second highest *α~adj~* value 0.849. NKX2-2 (named as NKX2.2 or NKX2B), contains a homeobox domain and is a member of NK2 family ([@b22-etm-0-0-7219]). This protein has been suggested to be involved in the neuronal development ([@b23-etm-0-0-7219]) and the differentiation of pancreatic β cells. Sussel *et al* have reported that lacking NKX2.2 caused an incompletely differentiated state of pancreatic β cells and NKX2.2 null mice suffered from diabetes immediately after birth due to lack of insulin ([@b24-etm-0-0-7219]). Hence NKX2.2 played a critical role in the development of diabetes which have a certain relationship with osteoporosis. Furthermore, Smith *et al* reported that inhibiting the expression of NKX2.2 by RNAi could suppress oncogenesis of Ewing\'s sarcoma ([@b25-etm-0-0-7219]). This observation implied that NKX2.2 has the potential to serve as a therapeutic target for Ewing\'s sarcoma which is a malignant bone tumor composed of small round cells ([@b25-etm-0-0-7219]). Although the exact relationship between MODY pathway and *NKX2-2* gene and osteoporosis has not been reported yet, the decreased expression of MODY pathway and *NKX2-2* in bisphosphonate treated osteoclasts indicating they may play critical roles in osteoporosis development.

OR2A4 (olfactory receptor, family 2, subfamily A, member 4) which gained the highest *α~adj~* value 0.992, is a member of olfactory receptors that involves in olfactory transduction pathway. Olfactory receptors are expressed in a series of tissues. Tsai *et al* have demonstrated that *OR2A4* was expressed in human skin cells and affected cytokinesis and cell proliferation ([@b26-etm-0-0-7219]). To this date, few studies have demonstrated the direct association between olfactory transduction pathway/olfactory receptors and osteoporosis. Besides, the relationships between osteoporosis and the other two pathways we identified in this study (Cyanoamino acid metabolism pathway and Taurine and hypotaurine metabolism pathway) also have limited studies. Further investigation may reveal new mechanisms of osteoporosis and provide new targets for osteoporosis treatment.

In conclusion, we found 4 disturbed pathways (Maturity onset diabetes of the young, Olfactory transduction, Cyanoamino acid metabolism, Taurine and hypotaurine metabolism) and two hub genes (*OR2A4* and *NKX2-2*) in osteoclasts treated with bisphosphonates using Gibbs sampling. These results give us a better understanding of the potential mechanism of bisphosphonate treatment of osteoporosis and the pathogenesis of osteoporosis.
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![The probabilities and density distribution of pathways. (A) The probability distribution of all human pathways. (B) The density distribution of pathways. The blue line represents the threshold value of posterior value of 0.75, the red line shows the initial probabilities, and the green line shows the adjusted probabilities.](etm-17-04-2541-g02){#f1-etm-0-0-7219}
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![The probabilities and density distribution of genes in the disturbed pathways. (A) The probability distribution of genes in the disturbed pathways. (B) The density distribution of genes in the disturbed pathways. The blue line represents the threshold value of posterior value of 0.75, the red line shows the initial probabilities, and the green line shows the adjusted probabilities.](etm-17-04-2541-g04){#f3-etm-0-0-7219}

![The expression levels of disturbed genes. The expression levels of (A) *OR2A4* and (B) *NKX2-2* in vehicle and bisphosphonate groups. (C) Heatmap results of hub genes. Blue represents the expression of hub genes in vehicle group and red represents the expression of hub genes in bisphosphonate group.](etm-17-04-2541-g05){#f4-etm-0-0-7219}

###### 

The top 5 genes ranked according to *α~adj~*.

  Gene       P-value   Rank p   R-value   *α*     *α~adj~*
  ---------- --------- -------- --------- ------- ----------
  *OR2A4*    0.012       2      0.992     0.999   0.992
  *NKX2-2*   0.041       8      0.970     0.876   0.849
  *CLCA1*    0.119     27       0.897     0.829   0.744
  *PAX6*     0.038       7      0.973     0.763   0.743
  *OR10H2*   0.131     31       0.882     0.802   0.707
